We consider the Big Bang Nucleosynthesis (BBN) bounds on light dark matter whose cross section off nucleons is sufficiently large to enable acceleration by scattering off of cosmic rays in the local galaxy. Such accelerated DM could then deposit energy in terrestrial detectors. Since this signal involves DM of mass ∼ keV −100 MeV and requires large cross sections 10 −31 cm 2 in a relativistic kinematic regime, we find that the DM population in this scenario is generically equilibrated with Standard Model particles in the early universe. For sufficiently low DM masses 10 MeV, corresponding to the bulk of the favored region of many cosmic-ray upscattering studies, this equilibrated DM population adds an additional component to the relativistic energy density around T ∼ few MeV and thereby spoils the successful predictions of BBN. In the remaining ∼ 10 − 100 MeV mass range, the large couplings required in this scenario are either currently excluded or within reach of current or future accelerator-based searches.
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I. INTRODUCTION
Although the gravitational evidence for dark matter (DM) on large scales is overwhelming, its microscopic properties are unknown and consistent with a wide array of theoretical possibilities [1] . In light of null results from direct-detection searches for weak-scale DM, much attention has recently focused on the GeV mass range which is inaccessible to these conventional probes (see [2] for a review).
Traditional nuclear-recoil direct detection experiments are insensitive to sub-GeV DM because the local virial velocity v ∼ 10 −3 c is insufficient for light DM to impart nuclear recoil energies above observable experimental thresholds. However, it has recently been shown that for light DM in the keV-MeV mass range, some fraction of the halo population will be upscattered by cosmic ray (CR) interactions, which accelerate the light DM to quasi-relativistic speeds that can impart observable energy to terrestrial nuclear targets [3] [4] [5] . We refer to this scenario as Cosmic Ray Upscattered Dark matter (CRUD).
In order for CRUD to occur with a detectable rate for typical experimental exposures, the DM-nucleon cross section must be quite large 10 −31 cm 2 to overcome the low probability of being upscattered by a CR [3] . Large scattering cross sections for dark matter particles at and above the GeV scale have been considered before, and are subject to a wide variety of limits [6] [7] [8] . Extending these investigations to the sub-GeV-mass regime is novel, and as we discuss below, subject to qualitatively different constraints.
We begin by noting that Refs. [3] [4] [5] assume the cross section to be constant and identical in both the CR upscattering and conventional direct detection contexts. Although we will revisit this assumption (and later argue that it is unphysical), for now we temporarily adopt * ORCID: http://orcid.org/0000-0001-7420-9577 † ORCID: http://orcid.org/0000-0001- this constant cross-section ansatz to heuristically argue that this scenario faces stringent cosmological bounds. A key observation that we will apply throughout this work is that the cosmic ray interactions required to upscatter DM necessarily yield highly relativistic DM particles. For this reason, it is self-consistent to extrapolate this constant cross section to the early universe independent of other DM properties (e.g. spin, chirality, or Lorentz structure of interactions). By crossing symmetry, the χq → χq scattering cross section is related to theqq ↔χχ creation/annihilation cross section. In the relativistic regime, these differ only by order-one factors, so it is interesting to ask: for what cross sections does the DM population come into thermal equilibrium with the Standard Model (SM)? To get a rough sense of the answer, which we will refine below, we compare the rate of dark matter creation at the temperature of the QCD phase transition T Λ QCD to the Hubble rate at that time. With this crude estimate, the critical DM equilibration cross section σ
where g ∼ 60 is the number of light species just before this transition. Thus, for all scattering cross sections of interest in Refs. [3] [4] [5] it is clear that the DM thermalizes with the SM in the early universe. Since the predictions of big bang nucleosynthesis (BBN) work well with Standard Model particle content only, the presence of one or more new thermalized degrees of freedom is prohibited, as we explain in more detail below. This argument excludes thermalized DM below m χ 5 MeV, which covers much of the ∼ keV − 100 MeV parameter space over which CRUD can yield observable rates. The remaining ∼ 5−100 MeV range is likely within reach of existing and future accelerator searches for light DM.
However, contrary to the assumption made in [3] [4] [5] we will show that the cross section for scattering with a cosmic ray is not equal (or comparable) to the "momentumindependent" cross section canonically probed by di-rect detection experiments in the broad, representative class of interactions studied below. Such cross sections cease being momentum-independent when the particle momenta become large compared to their masses, as is the case in cosmic ray collisions. This issue was anticipated by [3, 5] , and in the remainder of this paper we explore the consequences of this energy dependence. This paper is organized as follows. Sec. II presents the BBN-only bound on light, thermalized particle species. Sec. III generalizes the argument in Eq. (1) to a contact interaction, which we find to be excluded for most of the CRUD parameter space. Sec. IV extends this argument further to include interactions mediated by a light (or massless) particle. Sec. V excludes other exotic possibilities, Sec. VI discusses laboratory bounds for the BBNsafe mass range, and Sec. VII offers some concluding remarks.
II. BBN AND LIGHT THERMAL DM
Standard BBN theory successfully accounts for the light-element yields observed in the universe today (see [9, 10] for reviews). These predictions depend only on two cosmological parameters: the baryon-to-photon ratio η b = n b /n γ , which sets the nucleon density, and the Hubble expansion rate H BBN , which governs the duration of BBN. Since η b = 6.13 ± 0.03 × 10 −10 is precisely known from independent measurements of CMB anisotropies [10, 11] and is difficult to change with new physics, the expansion rate can be used to constrain light thermalized particles.
The effect of a new species with a thermal abundance is to increase the expansion rate due to its contribution to the Hubble parameter, since H 2 ∝ ρ tot . Assuming there is not a large DM chemical potential, any species χ that is in thermal and chemical equilibrium with the SM bath will contribute to ρ tot in a way that is determined strictly by m χ and T . By rescaling the value of D/H in the large-m χ limit of Fig. 7 of [12] to values that have been obtained using updated nuclear rates with lower uncertainties [13, 14] , and comparing these to the recent determination of the D/H abundance in high redshift quasars [15] , we find the limits 
This argument relies only on the assumption that χ reached equilibrium with the SM before BBN and does not depend on the details of its freeze out, the nature of its SM coupling, or whether its population is particle/antiparticle symmetric. Indeed, the argument applies to particles χ that constitute an arbitrarily small fraction of the present-day DM density, because their late-time abundance is sensitive to the freeze out of χ, whereas the BBN N eff bound applies to the χ density before freeze out (while it is still in equilibrium). In all variations of these scenarios, there exists a large, thermal number density which increases H at BBN and thereby spoils the successful light-element predictions. This BBN-only bound is qualitatively different from the stronger, but more model dependent, bound on ∆N eff derived from CMB temperature anisotropies. Since the CMB bound is sensitive to T ν /T γ , this ratio can in principle be modified to compensate for the effect of a new thermalized species. By contrast, the BBN bound depends only on the total expansion rate during this epoch, so all new relativistic species increase this value and thereby modify light-element yields.
For the remainder of this paper, we will apply this argument to diverse representative interactions and show that any cross-section sufficiently large to observe CRUD necessarily implies that the χ is thermalized in the early universe.
III. CONTACT INTERACTIONS
In Sec. I, we showed that an exactly constant DM-SM cross section large enough to realize CRUD would thermalize the DM in the early universe. In Sec. II, we argued that this could be problematic for m χ few MeV. However, as noted in [3, 5, 29] and in Sec. I, a constant cross section across all energy scales is physically implausible. For the rest of this paper, we will instead make a series of more realistic assumptions to make the BBN bound more meaningful. In this section, we focus on contact interactions between DM and SM quarks.
In a cosmic ray upscattering event, the typical CM energy for a low-velocity DM target is of order
assuming that E CR m χ , m p . If the DM-CR interaction is well described by a contact operator, then this contact description of DM-SM interactions must be valid at GeV-scale energies. Thus, it is a contact interaction for temperatures of order T GeV, which includes both the QCD phase transition at T ∼ 200 MeV and the BBN epoch at T ∼ MeV. Importantly, we show here that the required CRUD coupling to nucleons at late times predicts a large annihilation cross section forqq →χχ prior to the QCD phase transition at T ∼ Λ QCD ∼ 200 MeV. This process thermalizes the DM with the SM in the early universe.
Consider the contact interaction between a light DM candidate χ and SM quarks
The coefficient G χq in Eq. (4) has mass-dimension −2, so this operator is non-renormalizable and arises from integrating out a heavy mediator particle whose mass exceeds (9). The bounds from Eq. (2) for a real scalar, a Majorana fermion, and a complex scalar are shown as solid, dashed, and dotted lines, respectively. Although the underground direct detection [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , XQC [7, 26, 27] and MW Satellite [28] limits assume that the cross section is spinand momentum-independent in the non-relativistic limit, the N eff exclusion regions are valid with or without this assumption. Above the dashed blue line labelled "N eff , mediator", σ0 is so large that it requires a light ≤ 10 MeV mediator as in Eq. (10) whose presence also spoils BBN. The dashed (CR) contours are the CRUD regions from Refs. [4, 5] , which assume a cross section that is constant and equal for CR scattering and non-relativistic direct detection (see Secs. I and III for discussion).
the E CM given in Eq. (3). For temperatures below the QCD phase transition, the interaction in Eq. (4) becomes
where G χN is the effective coupling to the nucleons N = n, p. This coupling satisfies G χN = q G χq for a sum over all valence quarks inside the nucleon. Although we have chosen a vector Lorentz structure here for simplicity, both CRUD and early universe DM annihilation are relativistic processes, so our approach is without loss of essential generality; the rates for other Lorentz structures will differ only by factors ∼ O(1) in the relativistic limit.
The accessible parameter space for CRUD is conventionally presented in terms of the non-relativistic direct detection cross-section σ 0 , where
We emphasize that this non-relativistic scattering cross section is appropriate to use for the cold cosmological dark matter at the CMB epoch and in the Milky Way today, but it is not appropriate for describing the collision of a relativistic cosmic ray with a much lighter χ (nor for the collision of the relativistic outgoing χ with a direct detection apparatus). Neglecting quark and DM masses, the relativistic scattering cross-section (appropriate for upscattering or for relativistic direct detection) and thē↔χχ annihilation cross section are, respectively,
where s = E 2 CM is the Mandelstam variable and G −1 χq s is true in the contact-interaction regime by assumption. Given this discussion it is clear that, even for a contactinteraction Lagrangian, the cross section does not equal the same constant for non-relativistic direct detection and relativistic CR-DM scattering as assumed in [3] [4] [5] .
Since CRUD requires a DM interaction with light quarks, we conservatively ask: was the DM in chemical equilibrium with the SM at T ∼ Λ QCD when the universe contained thermal densities of quarks and anti-quarks? The order of magnitude criterion for thermalization is that the thermally averaged quark-antiquark annihila-tion rate Γq q→χχ = n q σv ann is more rapid than Hubble expansion prior to the QCD phase transition. The thermally averaged annihilation cross section is
where N = 8m
(m χ /T ) and K n is a modified Bessel function of the second kind [30] . To assess the value of σ 0 for which thermal equilibrium is attained, we divide Γq q→χχ by H(T QCD ):
In Eq. (9) we have used Eq. (7), we have taken T = Λ QCD = 200 MeV, we have assumed n q ∼ Λ 3 QCD , and g (T = Λ QCD ) = 61.75 is the effective number of relativistic species just before the QCD phase transition. Because Eq. (9) implies Γ/H 1 for all cross sections that predict detectable CRUD, the general argument in Sec. II indicates that the contact-interaction regime is excluded for all DM masses below ∼ few MeV (see Eq. (2)), independent of their other properties.
We point out that comparing the rate to Hubble at T ∼ Λ QCD to assess thermalization is conservative because, for contact interactions, the ratio Γ/H in fact increases for higher temperatures. A much stronger bound could be extracted by comparing these rates at temperatures of order the mass of the heavy particle which was integrated out to realize the non-renormalizable coupling G χq in Eq. (4); however doing so requires an assumption about the early universe at temperatures above the QCD phase transition. Furthermore, we note that for CRUD sized cross sections, γγ ↔ χχ reactions through hadronic loops maintain equilibrium well below the QCD phase transition. This rate is only suppressed by a loop factor relative to σ 0 in Eq. (9), so the entropy transfers from the decoupling/annihilation of SM species do not weaken the BBN constraint.
In Fig. 1 , we plot the strongest bounds on the model of Eq. (5) of which we are aware. These include direct detection experiments operated at underground facilities [16] [17] [18] [19] [20] [21] , with upper limits from [22] [23] [24] where available and as described in [25] for the underground run of [21] , which extends the low-mass reach of conventional detectors. (In attempting to use the techniques of [25] for the results in [31] , we find that the optical depth at the best current limit is greater than unity, and thus interpretation of these results at all cross sections requires modeling of the velocity distribution as in [24] .) We also show results from the XQC satellite experiment [7, 26] , displaying for completeness the possible effect of an efficiency factor as low as 0.2% as suggested by [27] with a dash-dotted line. Constraints from the population of Milky Way satellites [28] are applicable, as are results from the cooling of Supernova 1987A [32] , which we obtain by simply rescaling their dimensionless parameter y by the dark matter mass. The neutrino floor is shown for recoils off of superfluid 4 He [2] . Our results rule out the region above the blue dashed line from the necessity of a new mediator with mass m med ≤ 10 MeV to produce such large scattering cross sections, and the red shaded region from violating Eqs. (9) and (2).
We do not fill in the regions of [4, 5] because these studies did not incorporate energy dependence in the CR-DM cross section. CRUD requires a relativistic cross section which is incommensurate with the constraints from the other experiments shown in Fig. 1 . A hypothetical interaction which does permit such a direct comparison by a completely energy-independent cross section, of which we are not aware, should take into account the other bounds presented here. If on the other hand the analyses in [4, 5] had considered a contact interaction with appropriate CR-energy dependence in the numerator it is likely that these exclusion regions would shift towards smaller crosssections when translated into the σ 0 -m χ plane, but such an analysis is beyond the scope of this work. Furthermore, this shift would be mass-independent and would not evade the BBN exclusion region presented here.
IV. LIGHT MEDIATORS
Previous studies of CRUD have assumed that the χ-n scattering cross section is independent of energy, as discussed in Sec. I. In Sec. III we refined this ansatz by considering a physically well-defined contact-interaction scenario with an effective operator, and we included energy dependence in the cross section. However, realizing the cross sections needed for observable CRUD leads to an irreducible tension in the contact-interaction scenario: the existence of a non-renormalizable contact interaction imposes a lower bound on the mediator mass m med E CM ∼ O(GeV), where E CM is obtained in Eq. (3), whereas realizing the large cross sections σ 0 10 −31 cm 2 necessary for detectable rates imposes an upper bound on the mediator particle mass. Indeed, if g χ,N is the mediator coupling to DM and nucleons respectively, the cross section in this regime is roughly
so it is generically difficult to realize a large cross section without a light mediator. This tension suggests that a contact interaction may inadequately describe the scattering processes of interest. In this section, we therefore address whether a light mediator can evade the argument put forth in Sec. II. For concreteness, consider the renormalizable Lagrangian
where V is a mediator particle with couplings g χ,q and g N = q g q is the resulting nucleon coupling when the sum is over valence quarks. Here we take m V E CM , Λ QCD , so the mass can be neglected in our estimates. For simplicity, V is chosen to be a vector, but other choices yield similar conclusions up to order-one factors.
Since realizing an appreciable CRUD effect requires a large cross section σ CR 10 −31 cm 2 in CR-DM interactions, this imposes a minimum requirement on the V couplings. Approximating this cross section as
where the momentum transfer is taken to be Q E CM . Adopting the representative value E CR ∼ GeV where the CR spectrum approximately peaks [33] , we require the effective coupling to satisfy
, (13) for observable CRUD rates in the light mediator limit.
We can now can ask: what values of g suffice to equilibrate the DM and SM sectors while anti-quarks are still present in the thermal bath around T ∼ Λ QCD ? Ignoring the order-one difference between quark and nucleon couplings, we estimate theqq →χχ annihilation rate as
Comparing to the Hubble rate H ∼ √ g T 2 /M Pl , we find that DM equilibrates at the QCD phase transition unless
which is many orders of magnitude smaller than the CRUD requirement in Eq. (13) . It is therefore clear that thermalization is achieved even in the light (or massless) mediator limit. Because CRUD and early-universe thermalization both take place in the relativistic regime, the features of this argument are insensitive to the nature of the mediator or its Lorentz structure; any variations along these lines introduce at most order-one differences. We finally point out that, in contrast with the heavy mediator regime in Sec. III, this scenario is potentially more constrained by the BBN bound because the light mediator will also thermalize. If such a population survives until BBN it will contribute additionally to N eff . In Fig. 1 we show the region where the scattering cross section given by Eq. (10) is so large that it requires a mediator of mass less than 10 MeV. We do not impose any additional constraints on the mediator, although these considerations can be powerful [34, 35] .
V. OTHER INTERACTION TYPES
We have addressed contact interactions in Sec. III and long range interactions in Sec. IV. One might wonder whether operators with different Lorentz structure, higher dimension operators, or intermediate mass mediators could evade thermalization around T = Λ QCD . Here we argue against these possibilities
• Vary Lorentz Structure: Since both CRUD and early universe thermalization occur in the highly relativistic regime, changing the Lorentz structure in Eq. (4) or Eq. (11) would only affect rates by order-one factors. By contrast, the thermalization criteria in Eq. (9) and Eq. (15) are violated by many orders of magnitude. Thus, the argument in this work covers such variations equally well.
• Higher Dimension Operators: Consider DM-SM interactions mediated by higher-dimension operators characterized by some scale Λ and some dimension n. Dimensional analysis requires
where O χ and O SM are operators of DM and SM fields. We see that for n > 2 the χ-SM interaction rate Γ/H would be even larger than in the simpler n = 2 regime studied in Sec. III, so thermalization is even easier to achieve in this scenario for a fixed direct-detection cross section.
• Comparable Mediator Mass: Thus far, we have excluded the < 5 MeV CRUD parameter space from BBN-only bounds on N eff . In Sec. III and Sec. IV we found that heavy-mediator (contact interaction) and light-mediator scenarios, respectively, were excluded. What about an intermediate regime where the mediator is comparable in mass to the DM? In this case, the CR scattering will be suppressed compared to that in Eq. (12), requiring even larger couplings. Furthermore, the mediator, which is also inevitably thermalized in the early universe, will contribute more to ρ tot compared to Sec. III. Both of these effects worsen the agreement with BBN observations.
• DM With SM Gauge Charge: If χ is charged under the SU (3) c ×SU (2) L ×U (1) Y gauge group of the SM, then it may possibly have a large interaction cross section due to SM gauge boson exchange. However, for m χ m Z /2, SU (2) L charged particles would contribute unacceptably to the inferred number of active neutrino species from the invisible Z width [33, 36] . Furthermore, since CRUD requires m χ 100 MeV, this excludes the possibility that DM could be a bound state of QCD charged particles, since such a state satisfies m χ Λ QCD ∼ 200 MeV due to confinement, which is outside the observable CRUD range. Finally, if DM carries a QED "millicharge," from Eq. (13) CRUD requires g χ /e 10 −2 (m χ /100 MeV) 1/2 , which is excluded over the full keV-100 MeV range by accelerator searches for millicharged particles [37, 38] . Thus, we conclude that there is no SM gauge interaction that can realize an observable CRUD cross section 10 −31 cm 2 in the ∼ keV-100 MeV mass range; also see [35] for a discussion of realizing large DM interactions in theoretically consistent models.
VI. LABORATORY BOUNDS
Thus far, we have found that BBN robustly excludes CRUD for m χ few MeV regardless of whether it couples to quarks through a dimension-6 contact-operator (Sec. III), a light mediator (Sec. IV), or some other exotic interaction (Sec. V). However, the CRUD parameter space of interest extends up to m χ ∼ 100 MeV, so for the m χ ∼ few MeV−100 MeV range, we turn to accelerator searches to constrain the DM and mediator that can realize this scenario.
As in Sec. IV, we consider the generic vector mediated interaction
only now we require m V 5 MeV; by the same logic as in the earlier sections, the mediator is thermalized with the SM in the early universe so the same BBN bounds apply to m V even though m χ satisfies Eq. (2).
Generalizing Eq. (13) for massive V , CRUD requires
Conservatively we take g χ = 4π at the unitarity limit with m χ = 10 MeV and E CR = GeV, so E CM ∼ 100 MeV. Using these reference values, Eq. (18) requires g q 0.01 (m V /GeV) 2 for m V E CM and g q 10 −4 , for m V E CM . These couplings are subject to a variety of laboratory searches. In the following, we will take the weaker g q ∼ 10 −4 as the benchmark coupling required to realize observable CRUD.
SM couplings to sub-GeV scalar or pseudoscalar mediators break electroweak symmetry, so they are generically suppressed by factors of ∼ m u,d /v ∼ 10 −5 , where v = 246 GeV is the Higgs vacuum value. Thus, it is difficult to satisfy g q 10 −4 for a light (pseudo) scalar coupled to first generation quarks as required in Eq. (18) -see [39] for further discussion. For this reason, we will continue to focus our discussion on a light vector.
Light vector mediators that couple to anomalous SM currents are generically very strongly constrained [40, 41] , so any model with m V GeV that hopes to realize g q 10 −4 , must identify V with either a kinetically mixed "dark photon" or the gauge boson of an anomalyfree U (1) group that gauges a subset of SM quantum numbers. In the latter case, SM quarks carry charge under gauged B − L or B − 3L i where B and L are baryon and lepton number respectively and L i is a lepton family number.
However, for m V GeV, in all of these scenarios, the "worst-case" reference coupling of g q ∼ 10 −4 is close to existing limits regardless of how χ decays [42] . Thus, the bulk of the CRUD parameter space is likely ruled out by existing experiments and the high-mass lower boundary of CRUD parameter space is accessible at existing and proposed experiments including ATLAS and CMS [43] , LSND [44] , LHCb [45] , Belle II [46] , MiniBooNE [47] , BDX [48] , SHiP [49] , NA62 [50] , NA64 [51] , LDMX [52, 53] , and HPS [54] (see [2] for a survey). Given the order-of-magnitude estimates presented here, dedicated studies are necessary to properly evaluate the possibility of complementarity between accelerators and direct detection experiments for CRUD scenarios in the m χ ∼ few MeV − 100 MeV range; such efforts are beyond the scope of the present work.
VII. CONCLUSIONS
In this paper we have identified a robust, nearly modelindependent bound on scenarios in which cosmic rays upscatter light < GeV dark matter. Since CRUD requires very large relativistic cross sections in order for cosmic rays to upscatter halo DM particles, by crossing symmetry there is a comparably large cross section for DM to be thermalized in the early universe throughqq →χχ annihilation with a rate predicted for a given CRUD cross section. For cross sections sufficiently large to enable CRUD detection σ 0 10 −31 cm 2 , the DM particle is thermalized with the SM at early times and can contribute non-negligibly to the radiation density at BBN, thereby spoiling the successful prediction of light-element yields in the SM.
For completeness, we note that there is a fundamental distinction between CRUD and other large cross-section scenarios proposed in recent years. For instance, keVMeV scale freeze-in DM through an ultra-light mediator [55, 56] evades the argument presented here. Namely, the direct-detection cross-section for this freeze-in model can be roughly in the same large CRUD range, but, unlike the CRUD scenario, in which all scattering or annihilation processes are (quasi-)relativistic, the non-relativistic direct detection rate scales as σ ∝ v −4 ∼ 10 12 where v ∼ 10 −3 is the typical DM velocity. This scenario is safe from thermalization in the early universe because the DM production rate is relativistic and scales as σ ∝ T −2 , which can be orders of magnitude smaller at earlier times.
The key observation in this paper is that, due to the relativistic kinematics of CR-DM scattering, the cross section for this process cannot be parametrically separated from the related DM production cross section in the early universe. Thus, if the CRUD cross section is sufficiently large to enable terrestrial detection, then DM thermalization is a generic consequence of this scenario. ∆N eff bounds exclude all such thermalized DM candidates with masses below a few MeV, which covers much of the favored m χ ∼ keV-100 MeV mass range over which CRUD can yield observable rates. For the remaining few MeV − 100 MeV window, we expect that accelerator searches for light DM and associated mediators place strong bounds on this scenario, but our crude estimates here suggests that some parameter space may remain viable in this range. A careful, dedicated study is necessary to properly answer this question. However, if parameter space does remain viable, it will be within the reach of several planned and proposed collider and fixedtarget experiments, thereby offering complementary evidence in the event of a CRUD signal.
Although our analysis here has emphasized the BBN bounds on CRUD, we note that these bounds also apply to a related scenario in which DM is relativistically produced in inelastic CR collisions and subsequently scatters in terrestrial detectors [57] . As in the CRUD scenario, observable rates of DM production in these collisions require low ∼ keV-MeV DM masses and large, relativistic cross sections 10 −33 cm 2 , so an observable signal rate implies early-universe DM-SM thermalization and the corresponding BBN bound shown in Fig 1. 
